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Alkane-based biodiesel is considered the next generation of biodiesel owing to its potential environ-
mental benefits and the fact that it exhibits much higher specific caloric values than traditional bio-
diesel. However, the formidable obstacle impeding the commercialization of this cutting-edge fuel
alternative lies in the cost associated with its production. In this study, an engineered strain Escherichia
coli (E. coli) showcasing harmonized coexpression of a lipase (from Thermomyces lanuginosus lipase, TLL)
and a fatty acid photodecarboxylase (from Chlorella variabilis, CvFAP) was first constructed to transform
triglycerides into alkanes. The potential of E. coli BL21 (DE3)/pRSFDuet-1-TLL-CvFAP for alkane synthesis
was evaluated with tripalmitin as a model substrate under various process conditions. Following a
comprehensive examination of the reaction parameters, the scope of the biotransformation was
expanded to ‘real’ substrates (vegetable oils). The results showed that bioderived oils can be transformed
into alkanes with high yields (0.80—10.20 mmol-L ') under mild conditions (35 °C, pH 8.0, and 36 h)
and blue light illumination. The selected processes were performed on an increased lab scale (up to
100 ml) with up to 24.77 mmol-L~! tripalmitin, leading to a yield of 18.89 mmol-L~! pentadecane. With
the employment of a method for efficiently producing alkanes under mild conditions and a simple
procedure to isolate alkanes from the reaction system, the utilization of sustainable biomass as a
fundamental feedstock emerges as the primary solution to lower the cost of alkane-based biodiesel.
Thus, this study proposes a readily implementable and highly effective approach for alkane-based
biodiesel production.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights reserved.

1. Introduction

thermal cracking, and transesterification) [3], the (trans)ester-
ification of vegetable oils, animal fats, waste oils, etc. with meth-

The ever-increasing consumption of nonrenewable fossil anol or ethanol has been a research focus for decades and has

fuels and the environmental issues raised during their develop-
ment and application processes present a challenge [1]. A
renewable and environmentally viable fuel such as biodiesel
seems to be a solution to this challenge. The term “biodiesel”
usually denotes fatty acid methyl esters (FAMEs) and fatty acid
ethyl esters (FAEEs), which can be produced via different reactions
with different types of catalysts [2]. Among all methods for pro-
ducing biodiesel (direct use and blending, microemulsions,
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already been applied worldwide [4—6].

However, the reversible (trans)esterification procedure inevi-
tably encounters equilibrium issues [7,8]. On the one hand, sig-
nificant molar surpluses of alcohols are required to achieve near-
full conversion, which leads to harsh operating conditions and
high energy consumption. On the other hand, the byproduct
(water) challenges the practicability of this approach, leading to
saponification and catalyst inactivation. Moreover, FAMEs and
FAEEs are not equal to the composition of fossil fuel and there-
fore can only be mixed with petrochemical diesel at a ratio of less
than 20% [9,10]. As a result, transforming vegetable oils/animal
fats/waste oils into alkanes via hydrolysis and decarboxylation
instead of esterification could be an interesting alternative
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strategy. Alkane-based biodiesel is generally denoted as the next
generation of biodiesel.

Triglycerides (and free fatty acids as the balance substances) are
the main components of natural oils and can be converted into fatty
acids by cleaving the ester functions. The challenging step is the
decarboxylation of fatty acids into the corresponding C;-shortened
alkanes [11]. The established chemical catalytic systems usually
require harsh conditions, leading to poor energy efficiency. In
addition, the production of alkanes is hampered by the uncon-
trollable reactivity of radical intermediates (low selectivity of this
reaction), necessitating high H, pressure to inhibit side reactions
[12]. Interestingly, fatty acid photodecarboxylases (FAPs) from
microalgae can catalyze the photocatalytic decarboxylation of fatty
acids under mild conditions without typical radical byproducts
[13—16], owing to the confinement of the alkyl radical in the en-
zyme's active site [17]. Therefore, an enzymatic method combining
a lipase and a photodecarboxylase to transform natural tri-
glycerides into alkanes has recently been highlighted as an eco-
friendly and energy-saving approach for alkane-based biodiesel
production.

Although the reaction system benefits from its simplicity
and excellent efficiency, few protocols have been developed
thus far. One of the pioneering works was conducted by
Hollmann and coworkers [7], who proposed a nonenzymatic
cascade comprising a lipase from Candida rugosa (CrLip) and a
photodecarboxylase from Chlorella variabilis NC64A (CvFAP).
The starting material, triolein, is hydrolyzed by CrLip to free
oleic acid, which is subsequently decarboxylated by CvFAP into
the corresponding heptadecane with a good overall yield.
Wang et al. [8] expanded the scope of cascade reactions to a
series of vegetable oils and waste cooking oil. Meanwhile, the
Wang group [18] also established a lipase-photodecarboxylase
multienzyme complex based on the SpyTag/SpyCatcher self-
assembly strategy. The efficiency of alkane synthesis is signif-
icantly improved compared to double-free enzyme catalysis.
However, poor substrate transport efficiency is a major issue
for multienzyme complexes, causing low reaction rates [19].
One of the solutions to this issue is coexpressing the two en-
zymes in a host strain to construct a two-enzyme cascade
catalytic reaction for the efficient production of biodiesel
[20,21].

Herein, we aim to thoroughly design a cascade biosynthesis
system in Escherichia coli BL21 (DE3) by coexpressing a lipase and a
photodecarboxylase for alkane production using renewable
biomass as the raw material. The efficiency of the bienzyme-
coordinated expression system, the use of renewable resources,
easy scalability, and compatibility with a rather broad scope of
natural oils significantly contribute to the production of alkane-
based biodiesel.

2. Materials and Methods
2.1. Reagent and detection

Competent E. coli BL21 (DE3), E. coli Trans 5a, and the vectors
pET28a(+), pACYCDuet-1, and pRSFDuet-1 were purchased from
Tsingke Biotechnology Co., Ltd. (Beijing, China), MiaoLing Plasmid
Platform (Hubei, China), and HedgehogBio Science and Technology
Ltd. (Shanghai, China). All the chemicals and solvents were pur-
chased from Macklin, Aladdin, or TCI and were of analytical grade
or higher, unless otherwise specified.

Hydrolysis and photodecarboxylation reactions occurred
simultaneously under blue light exposure. After a reaction for
36 h, the alkanes were extracted from two times the volume of
ethyl acetate, according to previous work [16]. The resulting

alkanes were identified by gas chromatography (GC). The GC
analyses were performed with a Scion GC 456 system equipped
with a flame ionization detector (FID) and Agilent J&W GC
columns (60 m x 0.53 mm x 2.5 pm) using N> as the carrier gas.
The following conditions were used for alkane separation:
injector 260 °C, detector (FID) 280 °C, FID hydrogen 30 and
oxygen 300, column flow 20 ml-min~’, temperature program:
start 110 °C, hold time 2 min; rate 25 °C-min~' to 190 °C, hold
time 2 min; rate 30 °C-min~! to 280 °C, hold time 5 min; rate
30 °C-min~! to 310 °C, hold time 2 min. The peaks of the
respective alkanes were identified using standard alkanes. The
retention times were as follows: pentadecane = 9.50 min,
heptadecane = 10.99 min.

2.2. Plasmid construction

2.2.1. Construction of the pACYCDuet-TLL-CvFAP and pRSFDuet-TLL-
CVEAP coexpression plasmids

PACYCDuet-1 and pRSFDuet-1 are two commercial protein dual
expression vectors with identical cloning/expression regions;
therefore, these two coexpression strains were constructed in the
same way. The pRSFDuet-TLL plasmid was first used as a template
to amplify the TLL gene fragment using P1 (ACYC-1-TLL-F) and P2
(ACYC-1-TLL-R) (Table S2) as the primer pairs. The pACYCDuet-1 (or
pRSFDuet-1) empty plasmid was used as a template, and BamHI
and EcoRI were selected for double digestion to obtain the linear-
ized vector fragment. The TLL gene fragment was cloned into the
first multiple cloning sites of the Duet plasmid by a recombination
reaction to obtain the Duet-TLL recombinant plasmid. The pET28a-
CvFAP recombinant plasmid was then used as a template to amplify
the CVFAP gene fragment using P3 (ACYC-2-CvFAP-F) and P4 (ACYC-
2-CvFAP-R) [or P5 (RSF-2-CvFAP-F) and P6 (RSF-2-CvFAP-R)] as the
primer pairs (Table S2). The Duet-TLL recombinant plasmid was
used as a template to obtain the linearized vector fragment by
double digestion, with HindlIIl and Notl selected as the digestion
sites. The CvFAP gene fragment was cloned into the second poly-
clonal site of the Duet plasmid by recombination to obtain the
pACYCDuet-TLL-CvFAP and pRSFDuet-TLL-CvFAP coexpression
plasmids.

2.2.2. Construction of the pET28a-CvFAP-SD-TLL coexpression
plasmid

The linearized long fragment was obtained by double digestion
with HindIll and Notl using the pET28a-CvFAP recombinant
plasmid as a template. A short-linearized fragment was amplified
using pET28a-TLL as a template and P11 (SD-TLL-MB-F) and P12
(SD-TLL-MB-R) as primer pairs (Table S2). The two fragments were
ligated by recombination reactions to obtain the pET28a-CvFAP-SD-
TLL coexpression plasmid.

2.2.3. Construction of the pET28a-(DualTer)-CvFAP-TLL
coexpression plasmid

The linearized long fragment was obtained by double
digestion with Ndel and EcoRI using the pET28a(+) empty
vector as a template. A short-linearized fragment was amplified
using pET28a-TLL as a template and P7 (T7T-TLL-F) and P8 (T7T-
TLL-R) as primers (Table S2). The two fragments were ligated by
recombination reactions to obtain the pET28a-Ter-TLL plasmid.
Next, the linearized long fragment was obtained by double
digestion with Hindlll and Xhol using the pET28a-Ter-TLL re-
combinant plasmid as a template. The linearized short fragment
was amplified using pET28a-CvFAP as the template and P9 (T7T-
CVFAP-F) and P10 (T7T-CvFAP-R) as the primer pairs (Table S2).
The two fragments were ligated by recombination reactions to
obtain the pET28a-(DualTer)-CvFAP-TLL recombinant plasmid.
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2.3. Preparation of whole cells of E. coli BL21 (DE3)/pRSFDuet-1-
TLL-CvFAP)

Recombinant E. coli BL21 (DE3) strains containing the re-
combinant coexpression plasmid TLL-CVFAP were cultured in
Terrific Broth (TB) medium containing 50 pg-ml~! kanamycin
(using chloramphenicol only on the pACYCDuet-1 vector) at
37 °C. When the ODggg values reached 0.7—0.8, the production of
the recombinant protein was induced by the addition of isopro-
pyl thio-pB-D-galactoside (IPTG) to a final concentration of
0.5 mmol-L~'. Cultures were grown after induction at 18 °C for
18 h. An E. coli pET28a(+) empty vector was cultivated and
induced with the same system as a control experiment. Cells
were harvested by centrifugation (11000 x g, 10 min, 4 °C) and
washed two times with Tris-HCI buffer (pH 8.0, 50 mmol-L™},
NaCl, 100 mmol-L™'). After storing the harvest in aliquots
at —20 °C, aliquots of 0.0500 g were transferred to clean and dry
Eppendorf micro test tubes (EP tubes).

2.4. General procedure for hydrolytic photodecarboxylation

Reactions were performed in 5-ml screw-capped glass vials to
prevent the evaporation of the substrate/product. For tripalmitin, the
reaction conditions were as follows: 1000 pl of Tris-HCl buffer (pH 8.0,
100 mmol-L ™) containing 0.0500 g E. coli BL21 (DE3)/pRSFDuet-1-
TLL-CvFAP was added to a transparent glass vial (total reaction volume
was 1 ml). For the blank reaction, the setup was the same, but heat-
denaturized cells and heat-denaturized cell-free extract (99 °C,
10 min) were used. The final conditions of this reaction
were [E. coli BL21 (DE3)/pRSFDuet-1-TLL-CvFAP] = 0.0500 g-ml~},
[tripalmitin] = 24.77 mmol-L ™!, exposed under blue light, and stirred
at 250 r-min~! for 36 h.

For natural oils, the reaction conditions were as follows:
950 ul of Tris-HCI buffer (pH 8.0, 100 mmol-L~!) containing
0.0500 g of E. coli BL21 (DE3)/pRSFDuet-1-TLL-CvFAP and 50 pl of
oil were added to a transparent glass vial (total reaction volume
was 1 ml). For the blank reaction, the setup was the same, but
heat-denaturized cells and heat-denaturized cell-free extract
(99 °C, 10 min) were used. The final conditions of this reaction
were [E. coli BL21 (DE3)/pRSFDuet-1-TLL-CvFAP] = 0.0500 g-ml ™},
[0il] = 50 pl-ml~!, exposed under blue light, and stirred at
250 r-min~! for 36 h. The yields of products were quantified by
Gas Chromatography (GC) using a calibration line. Experiments
were performed in triplicate, and the average values were shown
as the final results.

2.5. Reaction time course monitoring

Reactions were carried out as described in the general proced-
ure for hydrolytic photodecarboxylation using tripalmitin
(24.77 mmol-L~"). The reaction was carried out for 72 h, and
samples were taken at 3, 6, 12, 24, 48, and 72 h for detection. After
extraction with ethyl acetate (2 x 0.5 ml), samples were analyzed
by GC for yield determination.

2.6. Investigation of pH values and thermostability

E. coli BL21 (DE3)/pRSFDuet-1-TLL-CVvFAP was incubated at
different temperatures (30—70 °C) for 60 min, and then the activity
was assayed according to the method in Section 2.4. The enzyme
activity of E. coli BL21 (DE3)/pRSFDuet-1-TLL-CVvFAP at different pH
values was determined using the method described in Section 2.4.
The reaction buffers used were as follows: citrate-disodium
hydrogen phosphate buffer (pH 4.0—5.0), phosphate buffer (pH
6.0—7.0), and Tris-HCl buffer (pH 8.0—9.0).

2.7. Scale-up experiment

The hydrolysis and photodecarboxylation of tripalmitin to
pentadecane were scaled up from 1 ml to 100 ml. In this reaction,
2.0 g of tripalmitin and 100 ml of Tris-HCl buffer (pH 8.0,
100 mmol-L~') containing 5.0 g of wet whole-cell E. coli BL21
(DE3)/pRSFDuet-1-TLL-CVFAP were added to a transparent glass
container. The container was added to the stir bar, sealed, and
stirred gently (250 r-min~!) at 35 °C under blue light
illumination overnight (36 h). The final reaction conditions of
this reaction were as follows: [tripalmitin] = 24.77 mmol-L™,
[wet whole-cell E. coli BL21 (DE3)/pRSFDuet-1-TLL-
CVFAP] = 0.0500 g-ml~!, 35 °C. The product detection was the
same as described above.

3. Results and Discussion
3.1. Enzyme selection for the coexpression system

Although CVFAP is the first reported photodecarboxylase
(FAP) that enables the decarboxylation of fatty acids into the
corresponding Ci-shortened alkanes [13,14], our previous
studies have characterized another 5 FAPs (CsFAP, CsiFAP, GpFAP,
NgFAP, and VcFAP; see Table S1 for details) as having the same
decarboxylation activities [16]. Along with the potentially broad
availability of photodecarboxylases beyond green microalgae
[15], there is a question regarding which FAP could best match
lipases in cascade reactions. In addition, the catalytic activity,
stability, and substrate scope of known FAPs are generally not
comparable to those of lipases. The better the combination of
lipase and photodecarboxylase, the higher the efficiency of the
cascade reactions that can be obtained. Therefore, we started
our investigation by screening different lipases and photo-
decarboxylases for the cascade reactions transforming tri-
palmitin (1) into pentadecane (3) (Fig. 1(a)). The lipases
catalyzed the hydrolysis of tripalmitin (1) to generate free
palmitic acid (2), which was subsequently decarboxylated into
pentadecane (3).

Seven FAP genes (CsFAP, CsiFAP, GpFAP, NgFAP, VcFAP, CvFAP, and
its homolog CrFAP) were heterologously expressed in E. coli BL21
(DE3), and the obtained cell-free extracts prepared from E. coli cells
after simple ultrasonic treatment were used for cascade reactions.
Concerning lipases, most of the widely reported lipases of fungal
and yeast origin are not efficiently expressed in E. coli [22—25]. A
lipase from Thermomyces lanuginosus lipase (TLL) has been proven
to be overexpressed and active in E. coli [18,26]. Therefore, re-
combinant TLL was used for the screening of FAPs in cascade re-
actions. All reactions were performed with 5 mmol-L~! tripalmitin
(1), 015 g-ml~! FAPs, and 0.05 g-ml~! TLL under blue light illu-
mination for 24 h, following the standard reaction conditions
previously reported in the Ref. [8].

The results are summarized in Fig. 1. Gratifyingly, in each case, the
substrate tripalmitin (1) was transformed into the desired penta-
decane (3), with CvFAP exhibiting the best production. Encouraged
by these results, CvFAP and TLL were chosen as representative fatty
acid photodecarboxylase and lipase, respectively, to construct the
coexpression system in the following part.

3.2. Design and construction of the coexpression system

We aim to develop cascade reactions (Fig. 1(a)) following a
“whole-cell approach” in which a single E. coli BL21 (DE3) cell is
made to express CVvFAP and TLL. Although attractive in principle, the
approach can encounter limitations when efficient overall flux ne-
cessitates precise balancing between CVvFAP and TLL enzyme
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Fig. 1. The cascade reaction transforming tripalmitin (1) to pentadecane (2) by combining lipases and photodecarboxylases is a) the reaction scheme; b) the results of the com-
bination of different FAPs with lipase TLL. The pentadecane standard and palmitic acid standard are shown in Fig. S2.

activities. Therefore, different single plasmid coexpression strategies
were used to achieve the coexpression of CvFAP and TLL in E. coli
BL21 (DE3). (1) Based on the commercial Duet vectors pACYCDuet-1
and pRSFDuet-1, which have two biased cloning/expression regions
containing two T7 promoters and one T7 terminator. For such vec-
tors, the gene cloned downstream of the second promoter typically
exhibits higher expression intensity, which is attributed to the
absence of a terminator following the first promoter. CvFAP and TLL
were cloned into the first and second multiple cloning site (MCS) of
these two dual promoter plasmids, respectively, to construct
PACYCDuet-TLL-CvFAP (named as “E. Coli BL21 (DE3)/pACY-TLL-
CVvFAP”) and pRSFDuet-TLL-CvFAP (named “E. Coli BL21 (DE3)/pRSF-
TLL-CVFAP”) (Fig. S1(a)). (2) Based on the pET28a(+) backbone,
pET28a(+) is a single promoter plasmid itself, and we introduced a
second T7 promoter by homologous recombination to construct
pET28a(DualTer)-TLL-CvFAP (named “E. Coli BL21 (DE3)/Double T7P

CVFAP-TLL”) (Fig. S1(b)). The Double T7P CvFAP-TLL coexpression
plasmid is characterized by having two terminators in its expression
structure, so both genes can be expressed under an identical
framework. (3) Polycistronic coexpression strategy based on the pET-
28a plasmid: The polycistronic coexpression strategy enables the
simultaneous translation of two distinct enzyme proteins from a
single mRNA by the incorporation of an additional ribosome binding
site. The pET28a-CvFAP-SD-TLL (named as “E. Coli BL21 (DE3)/SD-
CVFAP-TLL”) polycistronic coexpression plasmid was constructed by
the introduction of the Shine—Dalgarno (SD) sequence under one T7
promoter. As shown in Fig. S1(c), the main difference from the
other two methods is that CvFAP was constructed in the opposite
position to TLL.

The constructed coexpression strains were induced to express
CvFAP and TLL activities under the same conditions as described in
Sections 2.2 and 2.3. All four coexpression strains successfully
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achieved the coexpression of the dual enzymes (E. Coli BL21 (DE3)/
PRSF-TLL-CVFAP, E. Coli BL21 (DE3)/pACY-CvFAP-TLL, E. Coli BL21
(DE3)/Double T7P-CvFAP-TLL, and E. Coli BL21 (DE3)/SD-CvFAP-TLL).
That is, each case resulted in soluble expression, although protein
expression levels varied greatly among the strains. Sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis (Fig. 2) revealed two single bands with apparent molecular
sizes of 83.3 and 31.6 kDa corresponding to the enzymes CvFAP and
TLL, respectively, confirming the theoretically calculated molecular
mass (81.3 and 31.8 kDa) derived from the amino acid sequence. It
must be mentioned that the structure of the expression framework
varies among plasmid vectors, and the construction of different
coexpression strategies using the same vectors can also lead to
differences in molecular mass. Obviously, the coexpression of E. coli
BL21 (DE3)/pRSF-CVFAP-TLL and E. coli BL21 (DE3)/pACY-CvFAP-TLL
showed much better expression compared to that of E. coli BL21
(DE3)/Double T7P-CvFAP-TLL and E. coli BL21 (DE3)/SD-CvFAP-TLL.
It must be emphasized that the coexpression E. coli BL21 (DE3)/
PRSF-CVFAP-TLL plasmid is distinguished from E. coli BL21 (DE3)/
PACY-CVFAP-TLL in terms of replications and resistance of the
vectors. A closer look at the protein expression of enzyme activity
levels indicates that for the dual enzyme coexpression system in
this study, the copy number and resistance of the vector affect the
amount of enzyme protein expression. Thus, compared to E. Coli
BL21 (DE3)/pACY-CVFAP-TLL, E. coli BL21 (DE3)/pRSF-CvFAP-TLL
performance was more in line with our needs.

Furthermore, studies concerning their catalytic activity using
tripalmitin (1) as a standard substrate yielding pentadecane (3)
revealed that E. coli BL21 (DE3)/pRSF-CVvFAP-TLL enabled a superior
hydrolysis-decarboxylation performance compared to the other

180 kDa —— b
130 kDa — \-

three dual enzymes (Fig. 3). It is worth mentioning that background
reactions were performed in parallel with experiments of E. coli
cells containing an empty vector as catalysts, no coexpression E. coli
cells, and heat-denatured coexpression E. coli cells. No background
reaction was taking place, indicating that the hydrolysis and
decarboxylation reactions were affected by the active TLL and
CvFAP enzymes. A pattern can be drawn after comparing the cat-
alytic activity and protein expression of the coexpression strains
E. coli BL21 (DE3)/pACY-CVFAP-TLL, E. coli BL21 (DE3)/pRSF-CvFAP-
TLL, E. coli BL21 (DE3)/Double T7P CvFAP-TLL, and E. coli BL21 (DE3)/
SD-CvFAP-TLL.

The coexpression profile of the multiple cis-trans strategy
construct is more complex. Both CvFAP and TLL have differentially
reduced expression, a phenomenon that may be caused by
incomplete transcription of the second gene [27].

Based on the above results, we selected E. coli BL21 (DE3)/pRSF-
CVFAP-TLL as the subject for further study. In the first trial, the effect of
substrate concentration on enzyme activities was investigated by
using tripalmitin as the substrate to determine the optimal
reaction conditions. The results are summarized in Fig. 4. When the
substrate concentration reached 24.77 mmol-L~! (20 mg), E. coli BL21
(DE3)/pRSF-CVFAP-TLL showed better catalytic activity to give
24.01 mmol-L~! of the desired product. An increase in the cell con-
centration of E. coli BL21 (DE3)/pRSF-CvFAP-TLL from 0.0500 g-ml~"
t0 0.400 g-ml~! resulted in no significant change in the conversion. In
the next attempt, the rotation speed was increased from 150 rpm to
2501 -min~! (300 r-min~!, leading to the loss of enzyme activity). This
revealed a significant increase in product formation when increasing
the cell concentrations from 0.0500 g-ml~! to 0.300 g-ml~ L. When
increasing the cell concentration above 0.400 g-ml~!, no significant

<—— CVFAP

(83.3/85.3 kDa)
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(31.6/33.1 kDa)

70 kDa =——
55kDa —
e
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25kDa —
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SD-CvFAP-TLL
CvFAP-TLL

Fig. 2. SDS-PAGE analysis of the overexpression level of the coexpression plasmids pRSF-CVvFAP-TLL, pACY-CvFAP-TLL, double T7P-CvFAP-TLL, and SD-CvFAP-TLL in E. coli, respec-

tively. (Lane S: soluble fraction, Lane P: insoluble fraction.)
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Fig. 4. Biotransformation of tripalmitin by whole cells of strain E.coli BL21 (DE3)/
PRSFDuet-1-TLL-CVvFAP at different substrate concentrations

change in the conversion is observed. Therefore, it can be speculated
that the reaction system might reach equilibrium between the addi-
tion of enzymes and the substrate concentrations. In a set of control
experiments, no product formation was observed in the absence of
E. coli BL21 (DE3)/pRSF-CVFAP-TLL or in the absence of light illumi-
nation. Thus, the reactions are performed by the active enzymes
(CvFAP and TLL).

Reis et al. [28] demonstrated that Sn-2 monoglyceride, gener-
ated by the Sn-1, 3 regiospecific lipase, efficiently expelled the
enzyme from the interface, leading to product inhibition. With
further study, Muth et al. [29] proposed that the molar ratios be-
tween surfactants and lipase may eventually change the situation
and lead to desorption of the lipase, leading to a halting of the
catalytic reaction. Previous research has shown that the hydrolysis
of tripalmitin might have difficulty achieving maximum product
conversion without additional assistance; this also explains the low
amount of final cascade catalytic products of tripalmitin found in
our experiments above. It needs to be mentioned that we have
investigated the rate-limiting step in such a coexpression whole-
cell catalyst by adding an extra amount of TLL/CvFAP into the re-
action system, respectively (Table S4). A significant increase in the
final product formation was observed when adding an extra
amount of CvFAP to the reaction system, which revealed that the
decarboxylation of free fatty acids is the rate-limiting step. That is,

the decarboxylation of free fatty acids efficiency may not catch up
with the hydrolysis of oil. Protein engineering might be a solution
to improve the decarboxylation of free fatty acids efficiency, which
is currently being studied in our laboratory.

3.3. Optimization of the biotransformation conditions by whole
cells of strain E. coli BL21 (DE3)/pRSF-chlorella variabilis NC64A-
thermomyces lanuginosus lipase

To fully assess the potential of E. coli BL21 (DE3)/pRSF-CvFAP-
TLL in transforming tripalmitin (1) to pentadecane (3), in the next
step, we further optimized the cascade reaction conditions. The
influence of pH on the enzyme activities was investigated by
monitoring the change in enzyme activity toward tripalmitin
(Fig. 5(a)). The activity-pH profile of the enzymes gave a broad
peak over the range of pH 5.0—8.0. However, the coexpressed
enzyme showed poor activity at pH below 5.0 or pH above 9.0,
which was attributed to the poor pH tolerance of the intrinsic
enzymatic properties of CvFAP. The optimal activity was observed
at pH 8.0 in potassium phosphate buffer. In previous work,
characterization of CvFAP indicated that its activity was optimum
at approximately pH 8.5, while TLL had a broad activity-pH profile
over the range of pH 7.0—12.0 [14,30]. Studies concerning ther-
mostability were performed at different temperatures from 30 to
70 °C (Fig. 5(b)). Not surprisingly, the results show that the whole
cells of strain E. coli BL21 (DE3)/pRSF-CvFAP-TLL is relatively sta-
ble at 50 °C but lose their activity almost completely after incu-
bation at 60 °C for 1 h. Moreover, the enzyme is stable at 40 °C
for 1 h without any activity loss, which is consistent with pre-
vious reports. CVFAP activity begins to decline sharply when the
temperature exceeds 40 °C [31], while a decline in TLL activity
occurs at 60 °C [32], which clearly explains the results presented
in Fig. 5(b). Thus, the activity of E. coli BL21 (DE3)/pRSFDuet-
CVFAP-TLL enzymes attained its maximum at 30—40 °C as well as
pH 8.0.

To investigate more factors affecting the hydrolytic decarbox-
ylation reaction of tripalmitin (1), we monitored the time course at
35°Cand pH 8.0 for 72 h. The reaction with 0.05 g-ml~! cells gave a
maximum yield of 24.77 mmol-L~! of the desired pentadecane (3)
after 24 h, and even after a prolonged reaction time, no increase in
yield was observed (Fig. 6). Based on the widely reported stability
of TLL, the shortcoming of the catalytic activity of the coexpression
system remains CvFAP.
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BL21 (DE3)/pRSF-TLL-CvFAP

3.4. The use of a coexpression system for alkane production from
natural oils

2To demonstrate the applicability of the proposed coex-
pression system hydrolysis/decarboxylation cascade reactions,
we explored the substrate scope and broadened the substrate
range to various natural oils. In total, seven commercially avail-
able oils were evaluated (Table 1). As expected, most of the oils
evaluated were converted into the corresponding saturated al-
kanes with a product concentration of 4.86—15.83 mmol-L™ . It is
worth mentioning that the overall concentrations and composi-
tions of fatty acids vary from different types of vegetable oils,
leading to the different production of alkanes. Especially corn oil
gave poor conversion, which most likely can be attributed to its
carboxylic acid composition consisting of more than 85% of Ci;
and shorter carboxylic acids. These shorter carboxylic acids are
rather poor substrates for CvFAP, thereby rationalizing the poorer
alkane yield in this case. Besides, the obtained results are
consistent with previous studies [8] that the highest abundance

Table 1
Hydrolyzed photodecarboxylated natural oils to obtain saturated alkanes
Entry Natural oil Fatty acid Alkane Product/mmol-L~! Total Conversion rate
product/mmol-L " /mmol-L~"-h~1.g~!
1 Palm oil Palmitic acid (Cy6) Pentadecane (Cys) 10.22 15.38 8.33
Stearic acid (C;g) Heptadecane (Cy7) 5.16
2 Peanut oil Palmitic acid (Cy6) Pentadecane (C;s) 3.26 8.06 448
Stearic acid (Cyg) Heptadecane (C;7) 4.8
3 Olive oil Palmitic acid (Cy6) Pentadecane (Cys) 2.27 6.13 3.41
Stearic acid (C;g) Heptadecane (C;7) 3.86
4 Rice bran oil Palmitic acid (Cy6) Pentadecane (Cys) 3.61 5.94 3.30
Stearic acid (Cyg) Heptadecane (C;7) 233
5 Cottonseed oil Palmitic acid (Cy6) Pentadecane (Cys) 2.53 8.35 4.64
Stearic acid (Cyg) Heptadecane (Cy7) 5.82
6 Linseed oil Palmitic acid (Cy6) Pentadecane (Cys) 2.77 8.59 4.77
Stearic acid (C;g) Heptadecane (C;7) 5.82
7 Corn oil Palmitic acid (Cy6) Pentadecane (Cys) 2.51 4.86 2.70
Stearic acid (Cqg) Heptadecane (C;7) 2.35
8 Soybean oil Palmitic acid (Cy6) Pentadecane (Cys) 1.9 8.05 4.47
Stearic acid (C;g) Pentadecane (Cys) 6.09

Note: Reaction conditions: 950 pl of Tris-HCl buffer (pH 8.0, 100 mmol-L~!) containing 0.0500 g of E. coli BL21 (DE3)/pRSFDuet-1-TLL-CvFAP and 50 pl of oil were added to a
transparent glass vial (total reaction volume was 1 ml). The final conditions of this reaction were [E. coli BL21 (DE3)/pRSFDuet-1-TLL-CvFAP] = 0.0500 g-ml~!,
[0il] = 50 ul-ml~", exposed under blue light for 36 h.

The yields of products were quantified by GC using a calibration line. Experiments were performed in triplicate, and the average values were shown as the final

results.
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of fatty acid feedstocks containing Cig and C;g chain lengths is
found in natural oils and fats. The same is true that the saturated
alkanes (Cys, Cq7) of the products are found as the main products.
This implies that this concept may have the potential to serve as
a reliable fermentation source for a specific chain-long alkane
production mode.

Furthermore, when compared to the results of coexpression
whole-cell catalysts with those reported in the previous studies on
biofuel production via catalysis of lipase and photodecarboxylase
[33,34], it was found that such coexpression whole-cell catalysts
resulted in product (hydrocarbon fuel) formation with good to
excellent concentrations. For example, Karava and co-workers [33]
developed a Bacillus subtilis spore display platform for lipase and
fatty acid photodecarboxylase and used the bienzymatic one-pot
cascade for the production of hydrocarbons. Although the tech-
nology benefits from its simplicity, the overall yields were very
poor (a product concentration of 0.7 mmol-L~! corresponding to
3.5% conversion was observed). The group of Liao [34] provided a
cascade system integrating lipase hydrolysis and CvFAP decarbox-
ylation for continuous hydrocarbon fuels. It is worth mentioning
that in such a cascade system, various oils can be converted to
hydrocarbon fuels with a concentration of 8.97—15.3 mmol-L~,
corresponding to an optimal conversion of 61.2%. However, the use
of purified lipase, a crude enzyme solution of CvFAP, and the
microfluidic photobioreactor led to an extra energy input.

After performing experiments on a small scale to further our
understanding of the behavior of enzymes under various condi-
tions, we found that the desired product, pentadecane, could be
obtained with a maximum concentration of 24.01 mmol-L~! when
24.77 mmol-L~! tripalmitin was loaded. Hence, we tested the
scalability of the developed reaction system. The biotransformation
of tripalmitin to alkane was scaled up from 1 ml to 100 ml using
resting cells of E. coli BL21 (DE3)/pRSFDuet-1-TLL-CvFAP. to give the
desired pentadecane in a yield of 18.89 mmol-L~!, which falls short
of expectations due to the in-situ production of highly surface-
active intermediates, which inhibited further enzymatic conver-
sion [35].

4. Conclusions

In this study, an engineered strain of E. coli containing a lipase
(TLL) and a fatty acid photodecarboxylase (CvFAP) was constructed
for the first time to produce alkane-based biofuels from natural oils.
In brief, double-free enzyme catalysis was performed using 7 FAPs
from different sources with lipase TLL. Four coexpression systems
were established based on three distinct single-plasmid co-
expression strategies, and the optimal combination of E. coli BL21
(DE3)/pRSF-CVFAP-TLL was obtained. In follow-up transformation
reactions with tripalmitin as a standard substrate, E. coli BL21
(DE3)/pRSFDuet-1-TLL-CVvFAP cells enabled a superior hydrolytic-
decarboxylation performance. Under the optimized conditions,
the TLL-CVvFAP coexpression system readily hydrolyzed and decar-
boxylated a series of natural oils into the corresponding alkanes
under blue light illumination. The desired product
(24.01 mmol-L~1) was achieved using 24.77 mmol-L~! natural oils
as the substrate. Scaling up the reaction to 100 ml also yielded
18.89 mmol-L~! of product. The thermal stability study indicates
that the coexpression system is capable of being applied in a re-
action below 50 °C. Our results suggested that lipase and photo-
decarboxylase were compatible and that the properties
characterized by the coexpression system were superimposed on
the properties of the individual enzymes. This work contributes to
the development of a new catalytic method for the environmen-
tally benign and scalable synthesis of biofuels from renewable
starting materials.
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